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HATIONAL ADVISCRY COMAITTZC FOR ARRONAUTICS

ADVAIICE RESTRICTED REPORT

ALTITUDE RATI:IG OF ZLECTRIC APPARATUS
By Paul Lebenbaum, Jr.

I. IFTRODUCTION

The proper functionirg of electric equipment is of nrime
importance in the operation of the military and naval airplane
of today. The wide uses of such equinment and the continual
inorease in the operetinz altitude of aircraft make it eusen-
¢tial that the factors affecting the operation nf electric ap-
paratue at high altituies be investigated if the avouratus is
tc be properly designed for thic new and expanding apnlication.

This paper studles the effect of sltitude on the ratings
of rotating electric machinen and, after determining the funda-
mental vrinciples invaolved, discusses these in relation to
the spolication of such machines in modera aircraft. It is
shown that the reting of a self-ventilated, direct engire-
driven aircraft gencrator decreases rapidlv with altitude
and, at mome sltitude within the overatiiag range of the air-
plane, the generator may Le able to disaivnatec orly its no-
load loasses. It is alao shown tiat an air-scosp-ventilated,
direct engino-driven aireraft gonocrator maintains its rating
over most of the overating renge of present-day aircraft.
Finally, certain sen-level tests nre proposed from which cal-
culations of rating under altituds conditiine ean be made,

The theory and tests vresented ir this waner have been
checked by altitude-chamber studies on ar aircraft-type,
direct-carrent gencrator.

II. TUNDAMETAL ATALYSIS
A. Heat Transfer in Zloctric Machines
" One of the principal factors determining the rrting of
elsotric apparatus is the mwaxirum temersture to which its

insulation can be sudbjected without failure during the required
110 of the machine. This oporating terpernturo is a funstion
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of the losses of the machine and ite ability to dissipato the
resultant heat.
e
An electric machine mey dlssivpate its losees by four
means?

1. Yorced convection betwocn winding and cere surfaces
and conling air

2. Freo convection between frame and ambiont air
3. Rediation betweon framc and surrounding objocts
4. Conduction botweer framo and rountirg

The watts loss vwhich may be dissipated by theso vroc-
osses ic a function of tae temperaturo difference betweon
the nachine surfaces and the ambleat tomperaturce. The ma-
chino temmorature rises until the total watts loss dissipated
Just equals the input leases; thut ie, until equilibdbrium is
reached. Thue any increanse in lead {and honce, 17as) will
ineroasc the machine temperature unless the additional heat
can bo removed from tho mechine by an increased heat transfor.
Conversely, any reduction in heoet trazsfor will incrcase tho
machine tempcrature unless the leas ie recuced.

The heat transfor batwocn the machire and tho ambient
alr also is effectod by the eir doneity. Thus at tho reduced
densities and temporaturos encountored at altitude (fig. 1),
tho watts lcss which can be diesinatod by an olectric machine
nay cnange and its rating at altitudes may be different from
that at sea levol,

Xach of the heat~transfor proceesos is not comsidered
individually, and its variation with density and temperature
doteruinod,

1. Torced Convection

The transfor of hoat by tho forced circulation of a gas
or liquid ie roferrcd to as heoat trancmisaion by forcod con-
vection. In an electric machine, tho cooling air entors the
machine at an smbiont tcmoorature 643, And in wiping the

windings and core removos heat from these parts. Tho rosultant
inorease in alr tamperature ("air riee®) is donotod by 8ape




This process is shown graphically in figure 2, vhers 6gy 1is

" the surface temporeturc of the windings or corc of the machine
and @ g 1is tho tempersturo dror betwoen tho hot osurface and

the cooling ncdlum ("surfaco drop").

The meximim allownble winding surfaco teomporsature is do-
termincd by tho insulatior uged in the machine. Thus, if 8g1's

84’y and Oar' denoto valucs of asurfaco tomporature, surface

drop, and air rise, rosvoctivelyr, at tho point at which tho
ventilating air leavce thre machino,

0gy' = 9a1+ee:| "'96.l °c )

Bap! 18 A funotion of tho woight flow of air thraugh: the
machino and the watts loas taken away by this air. Thus,

0 e = 3:.1_3%"_22 (2)

wvhors

LUor watts loss dissipatod by forcod conveotion

4 weight flow of oooling air through machine,
i pounds per minute

¥ =pQ

p donsity of cooling air at entranco to machine,
pounds por cubio foot

Q volume flow of oooling air at ontranco to uehino.
cubic feet pcr ninute .

Tho surface drop at tho oxit of the machine ist

8a" = X "% o

vhere

0. ovoe-a.u thormal condnctance 'butvoon mackino surfuce
g ard ccoling air, watts por °g




¢ The thermal oonductance C is a function of tho donsity
of the oooling air p, 1its velocity v past the surfaco being
cooled, and tho aroa of that surface 4;. It has boon ohown

(roforonce 1) that for the turbulent flow of air in ducts
c ma (pv)* (1)

In an elcctrie machine the voloeity v 1 compdsed of
two componeats: the axlal voloeity of tho cooling alr through
the ducte of tho machino vy, and the meriphersl voloclty of

tho rotor Vpe Teste on diroet~currcnt alreraft-typo genora-

tors indicato that for ratios of -wilal to verivher~l wvelocity
gpproximately lees than 2, the axial vcloelty can bo nogloctods
whoroas, for ratioe greator than 2, tho periphnral volocity
oan be neglooted. In tho vractical casc of solf-vontilatod
and sovaratoly ventilated alreraft gonorstors, th: former tyoo
usually has a ratio of axial to periphoral velcclty woll bolow
2, and thc lattor type hae a ratin woll above 2. Honeo tho
transition range nced not bo studied cloaoly in the prosont
investignation,

The axial vcloelty v, 1a:

Vo= E’Eﬁ foet por minute

a
wvhore

43 total area of ducts through which tho ocooling sir
flowa, square inchos

Thus from oquations (4) end (5), and tho abovo aswump-
tions,
1
Ogerr @ 4, "pu pa,;_ e (6)
1

B..p m‘:(’.—._lh:Q)am 4, (-1-}& G L .:;.Va(?)
) 3

vhore k; and k, arc constants for any ziven machine opor-
ating at oonstant cpeed, and O,y and G, aro tho over-all




\ ..
thormal confustances for -elf-wentﬂatod and lopa.ratoly yenti~
1aj0d sechiness rospocﬂ.voly. .

) 1n smooth Jucte, &= 0.8; in rougn ductes o way voI¥
frou 0,5 to 1.0s deponding on the degreod of roughncace On on¢
M.rcra:tt—type, t\i.rect-curront genorator. ¢ho uoe of an axponont

of 0.5 canciend tost dzbae

Bupstituting cquations {2), (3)s (6 and (1) dnto oWa”
tion 6)) glives?

lelf—ventuatodz .
Bax' =8eb i
- watio
Afor ™ 5,133 +¥_&
. ) [+]
l.pll'atoly yontilateds

0! =% watts . )

agor * —

Cel ka

J +=q
| |

"t are )mown st 8 givon
sltitude, the W& cmovod bY forcol convonrs
tion at that altitudo © ¥o and ©& Aro

XnoWne Thoso congtants cad
on tho nochine.

2, JIreo Gonvoction

Tho gransfor of hoat WY tho natursd circul».ti.on of 0 £20s
caased V7 & nponuniform tomperature {ard honco ﬂunsuy) varia~
sion within the gass is raforrod to 28 heat tra-.mmiui.on oy
{ret conveotion. -

Tho hoat trunsf.erroe. from & hoﬂ.:ontal cylindor in alr 108

/s

- 0¢5(9g=0 y®
- Qgres =163 %10 a7 \8o70a . watts (10}




wvhere

depoe Wotts loss by froc convoction

aroa of surfacs subjoct tc froo oonvection,
square inch- s

etmosvhoric nrossuro, inchos of morcury
convacting surface tomporature, °C

]
ambiont air tomperaturo for freo convoction,

In Ly

. Th

» foet

horizontal longth of cylinder, foot
L, vortical height of cylinder, foot

The watts dissipated by frco convoction at any altitudo
oan theroforo bo calculatod ‘row -quation (10), since all
factors are known. Tho surface tomperaturo can bo dotormined
from soa-lavel tests. Tcots takon under actusl altitude con-
ditions havoe indicsatzd that tho framo tomvoraturc remains
ossontially constant at verious altitudes for the samns maxioum
internal surfaco temweraturc, unlsss there aro largo changcs
in theo hoat dissipntcd from tho frame of the machino.

It should bo noted that tho watts dissipatcd by froc con-
vection very as tho 0,5 powvor of ths atmospheric prossuroc,

3. BRadiation

Hodintion is tho method of hcat transmission by which
heat onorgy is transferrod froa one body to another through
& transparent mcdiumw without any change in the tomporature of
tho modium. ¥Yhon the area of the radiating body is small
oomparod to that of its surroundings, tho vatts dissipatod by
radiation aro!

Bss\' /8as\E
g = 0400375 u.!:(ﬁé} - 1—;—3); (11)

vhere




watts d.i.nipntod by radiation

eminnivity of ¢

he urfaecoe
Tor a body o

of tho radiating body (0.9
overed witp & nonmotallj, paint
areca of mdiating surf:

'Cey equape inchog

ra.d.iutingsurfaco temy

cmturo.
am‘biant-air toy
bodieg
Tho o

bova cquation gshovg

Q
Process 1,
trang

8 conducteq

® trangfep dopending
a " 8. Thig heat
trangsop is diffienrt @ longth of path
and the tcmparaturc rately knov,
ovor, it is to.mcratur

0 not acen

mast b ;
o rosulty . ed uasog to
hoat trn:s‘grr.!d by the othey
* anching, it can
t is 2ddeq,
ry.

ot = ggq, * Ufroe *+23 watt,




Self~vontilated:

Sepi¥ately ventilatods

(9)

s/ 4
e
Qgroo =1.83 X107 4 o™ L&I‘%,?—)- vatts (10)

ag = €.00375 ¢4y ( 100) (100)‘-' watta (11)

B. Air Flov in Electric Mnchinos

A1l tho torms in tho hesnt~transfer oquntions abovo have
beon discussod, oxcept tho woight flow of tho air usod to oconl
tho machine W. This quentity varios with altitudo in a mennor
which deponds on the typoc of ventilation employod. In the cnse
of eiroraft oquipmont, two typos of waaciine aro usecd: tho on—
olesod solf-vontilatnd mnchino, wherc the cooling air ie olr-
culatod by o fan intogral with the machino; and tho encloscd
soparrtely vortiloted machine, wacro the cocling sir is picicod
up by an air scooo on tas alrplanc wrd forcod through the ma-
chino by tho remming vrossurc obteinod from tho airplauets
modon, Single-snd, axially ventilatod mnchines arc discussod
horo, as this ie tho typo in most oommon use on tho oqulipment
oonsidorod in this pagper.

. Nomlecting tho friction proseurc drop of tho air in flowe
ing through tho pussagos of o machine (o good assumpticn for
s2a1) mnchinos), tho oquntiecn governing tho air flow tlhirough
a machine is:

) L r +B -v—"—+ ] inchos of wator* (13)

52Lmeg nPe " :
*This oquntion assumos thet tho air doneity is constant through-
out tho machino. B causc of tho eir tomporature riso, this is
not strictly truo. Howcver, tho simplicity obtainod by assuming
A oenstant donsity warrants its use, ¥or morc sccuranto cnlculee
tions, an avoregc air dcansity may bo usod rathor then tho value
at thc machine entranco.




vhero

H pressuro hoad avrilablo for forcing cooling air through
machino, moasured at entrrnoo to machino, inohos

of wator

loss in proasurn at contr.ctions, oxran-
sions, bonds, otc., of tho rirflow path,
woasurcd in volocity heads of nir.

1440 14hg
‘m [] An L]
(aw
whoro
Ayy Apyeo. arees at chrngos in peth scction, square inches

Tho drackotod oxprossion is a constant for any machine
and may bo oalled an "air resistanco," R. Honco,

Q= /%g-g-. cubic foot yor minuto (15)

Tho woight flow of z0:ling eir, thoroforo, iss
Wa=opQ

V= zg_g__e. pounds por minute {16)

. This cquation defines tho weight of cooling air flowing
through the machine for a sivon nrossuro hoad H, This pros-
sure head will vary with altitudo, deponding on whothor the
mechine 4e solf-vontilated or scparntely ventilatod by the
mothods discussed nbove. .

Tho prossurc hond dovelopod by & fan rovolving at constant
spced varios diroctly with tho air demnsity. Therefore, in a
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solf-ventilatod machino, tho weight flow of air is directly
proportional to the air dorsity, from oquation (16).

Yor n eoparately ventilntod machine cmoloying an air
scoop, tho hond H will depond on the airplano's spood-
altitude charnctoristic. For a coastant anglo gf atteck the
11ft on an airplons wing is proportioaal to oV, where p
is tho alr density, 2nd V ia tho velocity of tho airplane
relative to the ailr. Since a cecrtein minimum 11ft is nocos~
sary to sup;ort tho alrplaro, tho minimum pV® et remnin
constant, rogerdlsss of altitude. Hhowevor, tho oroscurc hsad
in inchos of wator %ovolopod in tho alr scoop is diroctly
provortionnl to pV (no;;lccting lonses); henco tho minimum
alr=scoop pres-ure hend is independent of altitudo for a
soprrotel ventilated generator. From aquntion (16), 1t cen
be scon that tho minirum weight flow of alr is thus propor—
tlonel to tho syunrae rost of tho air donsity and therefsre
doorcascs with altitude but not as rapidly ns in tho solf-
vontilatod muchine, whoro the dcercesc was diroctly oropor-
tioarl to tho alr denaity.

III. APFLICATION QF FNDAMENTAL ANALYSIS TO THE
DETERNIMATICN OF THE ALTITUDE RATINGS OF
ROTATING ELECTRIC MACHINES IN AIRCRLFV

Tho fundenmontnl cruations for hoot transfor in rot~ting
machinoe will now bo uscd to dsternina tho rating of oloetrie
machinos undor varying altitudo ennditions. Tho srocific
cases of solfwvontilatod and scprratoly ventilatod, direct
ongine~driven, diroct-curroant gonerators will be choscn for
this discussion, oach gonerator boing considored secpnrately.
Thoso gonorators nrc averking from tho bneiz end of the nir-
ornft onginos f5ho solf-vontilatsd gonorrtor sccuros its
603ling air from tho spaco back of tho orgins, known ns tho
ongine~acccsonry comprriment; nnd tho separatoly ventilutod
machino, from tho ctmosohoro oxtornal to tho r~irploae.

Tho gonornl approrch to the prodblem of altitudo ratings
iss

1. The dotorninntion of tho embient ~nd air-flow con~
ditions for oanch type of gonorator
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"2s The caloulation of tho toial watts loss which oan be
romeved by the heat-transfer procossos already dis-
ouseed ( heat transfer by oonduction will be negloc-
ted) at the nltitudo at which tho rating is doeired.

3. Tho detormination of tho current, and honco tho rating
nf tho machine, corrosponding to tho total watts
loss found in ZE) from o curve of watts loss of the
machino rs a function of its line curront.

A. ZEnclosod Solf-Vonrtilatod Generntor
1, Axbiont Termorntures

The ambient temperaturo of tho cooling zir 6, ofa

self-ventilatod gonorntor is that of tho ongino-ncoossory com-
partmont. Tosts havo shown thot this tomperaturo is indopend-
ont of altitudo. Presont inforartien indicates that 2 minimum
oomoortmont tomooraturo of 33° 8, and a mavimm of 65° C muy
bo oxpocted. This ambient temporrturc is ~lso the temorature
to bo usod in cnlculatinz tho hoat trancfeor by frec convoction,
6an

Tho gencrator framo will radiato to or ecquiro hont from
surrounding objocts, dosondinz on tho relativo touporaturo of
tho bodios involvod. This transfor will remein substantially
indepondont of altitudo.

2. Mr Tiow

‘Provious oqustions have shown that tho woight flow of air
¥ through a solf-vontilatod gonorator is diroctly proportional
to the air donaity, and thoreforo docroasos with oltitudo.

An inepection of cquations (&), (10), ¢nd (11) now shows
that tho watts loas which ary be dissinted by a sclf-vontilatod
genorator, for a constent maxirmm alloweble surfrco tecperature,
docroneor with incronao in fltitude. All quentities in those
equations aro conastant cxcopt tho 2ir flow W, tho 2ir pros-
sure p, and tho eir density p, 2ll of which decroaac with
altitudo. Tho reduction in rating dopends on tho relative
proportions of dqg,pe Qfroor 2nd ap acting to cool the gonor-
ator. Trblo I showo the porcont wnatte loss dimsipatod by oech
of tho throo hoat-trensfer procosscs at an altitudo of 35.000
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foot as coupared with the diseipation at soa lovel (taken as
100 poreont). Yor oxample, if the generater could dissipate
all +f its loss by rrdiation alone, its rating would be indo-
pendont of altitude since qp is indopendent of air dmsity

and pressuro. In any cctual applicntion all processos will
ontor, but the wrtts dissipated by forced convection will dbe
at least 30 vercent of the tetal for the lightweight, high~-
output generaters now used in the modern ~irplane ard will
thorefore be the liniting featuro.

Figure 3 shoews the roduction in the wntts loss that may
be dissipated by forced convection in n sclf-ventllatecd genor—
ater, ns n fanction of anltitude, fer constant meximum surface
temporature and constant gencrator svood. Curves aro plotted
for vrrious vrluos of « in oguatien (8), rnd for various
raties of sir rise to mechine temporature risec ~t sca lovel ¥.
In self-ventilatod wachinoe, this latter ratio is usually
groater than 0.5,

Aftor tho total watts less which can be diseipeted by
the thrco vrocessea of heat transfer at n given altitude has
becn coleulatod, the niw current reting of the genorater at
that 2ltitude is found from the curvo giving the genernter
1line current as & function of its watts loss. This curve is
sporeximatod by n constant, rooresonting the no-lead losses
of the machino, plus a term which is 2 function of tho square
of the line currcnt.

If the wntts which can bo dissipated at the operating
altitude ef tho ~irplanc are loss than the nn~load lossos,
the machine carnnt oven maintain ite veltago ~t no loed. ¥Fig-
ure 3 shows that the solf-ventilated gencrator thus has a
¥ooiling" of operation, at which peint the machine can dis-
sipate 1ts no-lonsd losscs only and cannot carry any load cur-
rent without oxccvding its mexirmum nllowable tompercture.
8ince the no-lond lssses ef a lightwoight, high-nutput gener-
ator may bo a quarter to a third of its total losmes when
oarrying ratoed curront, this colling mzy eccur within the
opernting 1limit of the airvlanoc.




B, ZEnclosed Sepnratoly Vontilatﬁd Genorator

1. Ambiont Tomperaturcs

The ambient tenmvorature of tho cooling eir a1 of a

seperatoly vontiloted gonorateor is that of the alr outsido of
the airplanc (noglocting n small temperaturo rise of tho air
at tho cntrrnco to tho oir scoop duo to its comprossion). The
Alr Corps rtandard atmospheric alr temperaturo dscronses with
altitude nt a rnto of ~2° C for ovory 1000-foot incroese in
altitudo (fig. 1). Tho ambicnt tempcraturos for frsc convoc-
tion and radiaticn yremnin tho saro ns for tho solf-vontilated
gonerator.

2, Alr Fiow

e minimum rerminge=head cooling-sir prossure available
. &t the eir acoop of an rirplane is indopondent of altituds,
Frou equction (16), thoroforo, tho waight flow of air in a
soparatoly vortilatcd gonorator ie proportionnl to the squaro
root of tho 2ir donsity. .

Bquations (10) and (11) show that tho snmo wotts loss is
dissipnated by frco convoction cnd rodintion in the caso of tho
soparatoly vontilated genorator as for tho solf-ventilotod
me.chino, '

Plguro 4 shows tho vari~tion in tho wntts loss th~t may
Yo dlssipatod by ~ soparately vertiloted gonorator for oconstant
rerming-hord cooling-alr nrossure, constant unximum surfnco
tomporaturo, nnd corstant gcnernter coceds Curvos ere plottod
for voricus vnlucs of @ 1in oqurtinn (9) and for verious
retios of cir rise to machino tomperaturo riso a2t aen lovel v,

Aftor determining tho total wntts lecss wizich can bo die-
sipoated by tho thrco wrocesses of heat tranefer, the rnltituds
rating of tho zonerntor cnn be found from the curve of watte
loss as o function of line currcnt ns wes done feor the aolf-
ventilatod gonernter.

From figuro 4 and equ-ticns (10) ond (11), it 1o avparent
that o soparatcly ventilntod genorntor which cbtelns its cool-
ing nir from on alr cceov on the alrplnne mninteins, and nay
ovon incroaso, its soa~lovel rating at practicnlly all altitudos
within tho opornting range of »resont-dny n~ireraft. In tho
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case of the espnratoly vontilatod gonorator, the roduction in
oooling=eir nrbient tempercturo offsotn tho Accreneo in woight
flow of cooling zir. Alpso, due to tho constrncy of the romning-
head oooling-cir prossuro of tho soparatoly vontilated gonora=
ter, the weight flow of cooling sir docronsos only with the
square root of the air density., In tho solf-ventilntcd gonor-
ater tho weight flow decrersos Ciroctly with the air density.

IV. COSCLUSIONS

A, Pigure 3 shnowse tiint tho rrting of ~n onclosod, solf-
ventilatod, diroct ongine-driven, dircct-current alrcrnft
genorator docrocscs rapidly with ~1ltituco, axzd mny hove a
¥soiling" within tho eltitude rorge of tho alrmlrno on which
it 1s mounted. Thin colling is the pnint at which tho goner~
ntor will just dissipete its nowlond losscs without ovor-
heating.

B. Tirure 4 ghows thnt thc rating of an enclosod, oopa-
ratoly vontilrted, diroct cngino-drivon, dircet-curront, sir-
oraft gonerntor, obt~ining its cooling eir from en alr scoop
mountod on the airplano, rem~ins cssontinlly indoucndent of
altitudo ~ tho roting incrcasing slightly ovor its sen-lovcl
value up to 20,000 fcot, and thon docrarsing again.

C. Son~levol toats con be takon, by meane of which the
reting of a given gonerator nt n givea altitude can bo deter-
mined if ambiont conditions at thnt altitudec aro kmown.

D, Tho n~nalysis prosonted in thie papor enn be usod to
dotermine tho air-flew roquircmonte nocoss~ry to obt~in a
givon rating from a given gencrator at any dosirod rltitudo,

Y. The rosults of this snalysin can bo nppliod to the
determination of tho altitudo honting and rating of typos of
elootric rpparntus othor then nirernft gonerntors, if the ~g-
sunptions nnde horo are critically roviowed ~nd rdnptod to
meet the necw conditions.

Y. This paper nreaonts some of tho fundnmentals of the
prodlom of eltitudo rrting of clectric mashincs ~nd hns pro-
poacd tests for its Cotorminntion. It is hopod thot future
tost dnte, obtninod both in cltitude chambere ~nd under netunl
operating conditions, will be carrolrtod nnd used to nodify
and oxpand tho anrlyels whore noccssery,

Gonersl Floctric Coyuoeny,
Vest Lynn, M~aa,
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e mom'smm TESTS FCR GEAERATORS DESIGMTD

FOR AIRCRAFT APPLICATIONS
™o tosts proﬁouod hore ro based an the angurpption thet

the point ot whioh tho maximum allownblo surfrco tompérature

941 1m mensurod ot son lcvel romtine tho hettust point in

the nachine ns the load on tio nachino io voricd., Tosts on
circeraft~-typo gorerators heve indicrted that this assumption
is correct. In tho propnsed tests the gorerntor mmunting
should be insul-tod thermally froa tho tost etrnd on which it
is nounted, in order to olimin~te tho offocts of conductinn,
It is also fgsuncd thet the euter surfroe of the gonoreator ro
neins ossontirlly at constant tomperciturc for r conotant maxi=-
mun intermel surfrco termsorature. This assumption hns boen
chocked by nltitudc-chamber tosts.

A, Prolimin~ry Tests

. Thoso prolininary sen~lovol tests determinc the woight flow
of oooling air forced through tho gonerntor for verious romuing-
heoad prossures ~t the ontronco te the genorater cooling systom,
the wotts loso of the mnchine for various lino curronts, cnd
the value of the cxponont Q@ 4in equatiene (8) ~zd (9).

1. Moasuro the valuio flow of air through tho gonorator
for vnrious inlet ranming-hcnd nir prossurcs. Sot up tho gonorw
ator as n separatcly veutilnted inchino ~nd oporsato at minimnm
reted spoed, Vary the oolumo flow from a valuc nt which tho
ratio of the axinl volocity of tho ¢-0ling rir te the periph-
eral velocity of the rotor is epproximately 2, to a vnlueo at
which this r~tio is cpproxiuntely L,

2. Plot r curve of woizht flouw of cir ns o functien of
© the romcing=hcad prossare of cooling nir from tho rosults
obtainod in A-1 ~bove.

3. OCalculnts, or detcrmine fron dynanonetor tosts the
watts loss of the genorntor ~c & function of ite lineo curreat
with the gonerrtor operating ~t its minimum rcted spood and
retod moxirua allowablo surf-co termeraturc. Plot o curve
of totnl wntts lose ns o function of linc curront,
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4, Tako a serios of heat runs on tho genorator at ninie
mn retod spood ot vorious inlot ramming-hord air nrussuros,
eovering the rsngo of prossuros used in A-2. At onch prossuro
very tho genorator load curroxt until tho tompornturo of tho
hottost surfaco in the rimchine is oqual to tho mexirun allow-
eble surface tomperanture, Koep tho gonorator ~mbiont temporr~
turo @,a, &t the cruo volue as s oxpoctod during acturl

oporation.

5. Orlculnto the watts diosipatod by froo convoction and
radintion in onch of the runs of A4 fro: oquationo (10) and
{11). Budbtr~ct tacsc valucs fron tho totrl watts dissivated
in oach of the runs rad plot 2 curvo of wrnttn disoipntod by
foreod convoction ns n function of inlot ranning=hord air
pressuro.

6. Rowrito cquation (9) an:

log ky + (1-0) 1og ¥ -log. M

.9
- o.133J

Afor

“W (0g1"6ny)
Plot ¥ ea a function of | b A 0.133] on log-
L Gfor

log popor for variocuo voluce of inlot ranaing-hoad alr nres-
guro, Sclcot a valuo of thio prossuro rnd find Qpyy from

the curvo of A=H =nd W fron tho curve of A-2 for this pros-
sure. Using thooe vnlucs of W and qg,ny plot ono point

of tho abovo curve. Zopent, using n differcnt prossuro,

7. Obtoin tho slopo of tho curvo of A~ mnd oalculeto &,
knowing that this slopo 1o oqunl to (1 - o).

-

B, 8§olf-Vontil~tod Gonorator

To find tho altitudo roting of ~ solf-vontilated airernft
gonorator, prococd ns follows?

1, Tako a hont run et minimum rated spocd at such ~ lino
eurront that tho tempernturo of the hottost surfeco ia tho
machino is oqual to tho maximum nllownble surfrco temporaturo
for the genorntor insulntion. Tnko this heat ran in an ~mbient
temperaturo oqual to the oxvoctod ergino-accosaory-comprrtmcnt
tomporaturo =t tho nltitudo =t which tho genorntor 1o to bo rntod,
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. 2. Mongurc tho voluno flow of nir § through tho nrchino
under tho ambient conditions of B-1, und calculnto the woight
flow of cooling rir through tho mnchino.

3. Fron tho wotts loss-curront curve of A-3, dotormine
tho totrl watts loas of tho mnchine at tho load of B-l,

4, Calculnto tho watte dissivntod by frco convoction nnd
radintion in tho hoat run of B-1 from cquations (10) ~nd (11).

5« Detor:inc tho watts dissinnted by forced convection
in tho heat run of B~1 by subtrroting ths wntts dlesiprted by
froo coavoction ~nd redlation from the totrl wntts dlesipatoed.

6. Cnloulrto k; in oguntion (8), usirg tomsornturos
and tho woight flow of alr found in B-1 ~rd 3~%, tho vrluo of G
found in A-7, and the valuo of qgor found in 3-5.

7. OCalcul~to tho total watts diseipntod nt the altitudo
ot which tho genorntor rnting is to bo doterninocd fron oquntions
(8), (10), and (11). VUsc vnluos of nir doneity end crossuro,
and onglne-nccosrory=comnrtuent tomporature ot the givon alti-
tude, Tho wcight flow of air in r self-ventil~tod gencrator
is diroctly vproportionsl to tho mir donsity. Uac vrlucs of
O51's Bane Bays Opy0 Bpge o0d Bpy from tho hont run of B-1.

8. Detormiro tho nltitudo-curroxt roting of tho gonor-
~tor by ontering tho wrtts loss—curront curvo of A-3 with the
totnl wotts dissipated ns calculated in B-7.

C. Boyrxatoly Vontilatod Gonorntor

To £ind tro eltitude rating of n soparstely ventilatcd
genorator, prococd as followst

1. Dotorminc the minimum rarmingwhord coolingwsir pros—
guro in inchos of wator avellrblo at tho cntranco to tho gonor-
ator coilirg crp nt the naltitude at which t.ho roting of tho
gonoretor 1s to beo founds

2+ Dotoraine thoe wntts lons that can bec diesipnted by
foroed convootion by tho geaorator with this romnming-hocd
préssuro ~t sor lovael fronm the curve of A-5.




3, Onloulate the value of kg from equation (9), using
tho watts loss found in 0=2, tho woight flow of nir frou A-2
( corrccting for any differonco betwoon tho cosrling-eir tom-
poraturcs of tho runs in A~2 and C-2 in dotormining tho woight
flow), tho tomporaturos from the hozt runs of A-l, and the
vrluo of @ from A-7.

4. OCalculnte tho totel wotts dissinrtoed =t tho altitudo
et vhich tho gonorator rating is to be dotormined from oqurtions
(9), (10), ~nd (11). Uso valuos of air prescuro and ¢o9>ling-
air touporaturo rnd density fron figuro 1. Tho woight flow of
cooling alr ir r separctoly vontll-ated generator is nropor—
tional to tho saunro root of the co~ling-rir dersity. Uso
valuos of 9.1'. %n. 933. enc. and 95-_; from tho hert run
of A~4, corrosponding to tho minimun ramminz-hend cosling-
air presgsurc of C-1.

5. Dotorminc tho altitudowcurrent rating of tho goror-
ator by ontoring tho watts loss-currcnt curvo of 4-3 with the
total watts dissipatod as oalculatod in C-U,

NOTATION

aroa of mnchino surfacce for forecod convection,
squaro inches

aroa of mrchine surfaco for froo convootion,
squero inchos

aroa of mnchino surfnco for r~dintion, squarc inchos

totrl aroa of mrciino duots through which cooling~
air flows, squrro inchos

Oge1r ovor-nll thormal conductnnco botwsen machino surfrce
nnd cooling air for sclf-vontilntod nechinos,
wotts por ~C

Onp ovor-all thormal conductnico botwonn mrcaine surfaco
and ocooling eir for soporetoly voatilntod nmchinos,
«  wntts por °C

density of cooling cir at ontrenco to aechino, pounds
por cubio foot




cnissivity of rndinting surfrso

air-tonporaturo riso
nechine=temporaturoe riso

Y =

b4 rrossuro head avriladblo for foreinz cooling air through
nochino, irches of water

In Ly , Inot
P

Lorizontrl lougth of mechino fox trqo couvoction, foet
verticel height of machine for froo ennvoctioa, foot
ctnosphoric prsscure, inches of norcuy

wrtts loss dissipnted by forcod convoction

Vﬂttl' loso dissipatcd by froo convoction

watts loss dissipatod by rndistion

volume flow of cooling cir through machinc moesured
nt entrenco, cublo foot por =minuto

rosigtanco of rechino to flow of cooling edr
rmbiont-air tormporaturo ‘for forcod convection, %

anbiont-pdr tomporaturs for frec convoction, °O

anblont-alr tomorature for rndiation, %6 rbasolute

eooling=nir torpernturo riso (air riso), °C

tomeraturo differonce betwoon nachino surfaco cnd
cooling air (surfaco drap), °C

meehino-surfrco terperature for forced convaction, ¢
o
nnchino~surfrcc to.porature for froo convection, O

mrehine-gurfrco tempernturo for radintion, °6 absolute




volocity of cooling air pest mechino surfrce boing
conled, fuot por mimto

saxirl volocity of cooling air through ducts of mnchino,
fsot por mimuto

o poriphoral volocity of rotor, foot per minuto

k4 weight flow of cooling eir through nechine, vounde
por ninuto

Primod quantitios aro v~luos moasurcd ~t the cooling-rir
exit of tho mnchino.
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TABLE I

Comparison of ths Watte Loes Dissipated from

8elf-Ventilated, Direct Engine-Driven Aircraft Generators,

Employing Different Proportions of Heat-Transfer Processes

in Their Cooling

Percent of total watts
diesipated at ssa level®

Percent of gea-level watte
dissipated at 36,000 feet*

By forced
eonveotion
Y=0,67,a<0.5

By free
convecticn

By
radiation

By forced
convection
'Y=°.67.¢#=°05

By free
convection

By
radiation

100
0
0

0
0

100

27
0
0

0
0
100

27
47
100

*Maxinmum generator winding eurface (140°C), generator frame
surrounding odject, and ongine-accessory compart-
ment (38°C) temperatures are oonstant for all comparieons.

surface,
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